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Abstract 

Successful  formation  and  real-time  observation  is 
reported  of  a  grain  boundary  within  a  view  of  a  FI  image 
using  laser  beam  irradiation  in  the  presence  of  a  high 
electric  field.  Formation  of  the  grain  boundary  in  a  FI 
tip  appears  to  be  by  solid-phase  recrystallization  due 
to  moderate  local  heating  and  extremely  high  mechanical 
stresses  caused  by  the  electric  field  and  laser 
. irradiation. 
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It  is  now  well  established  that  grain  boundaries  play  essential  roles  in  a 
wide  range  of  basic  kinetic  phenomena  in  polycrystalline  materials!' 

Problems  such  as  intergranular  corrosion,  segregation,  recrystallization  texture 
and  boundary  migration  or  diffusion  rates,  are  all  intimately  connected  to  the 
nature  of  the  atomic  configurations  across  a  grain  boundary.  Some  success  in 

treating  these  phenomena  has  been  achieved  by  theoretical  models  of  boundary 
2 

structure.  However,  none  of  the  models  are  able  to  describe  the 


properties  of  a  monolayer  or  two  on  either  side  of  the  boundary  plane. 


Tile  study  of  grain  boundaries  is,  cherefore,  best  accomplished  by  expen- 

.uuncai  methods  which  provide  a  direct  image  of  local  atomic  arrangements  across 

the  boundary.  Although  it  is  true  that  some  of  this  information  may  be 

obtained  by  indirect  methods,  such  as  diffraction,  there  are  still  considerable 

problems  in  interpretation,  particularly  of  the  ambiguities  present  in  diffuse 

scattering  from  non-periodic  defects?  In  this  context,  TEM  (atomic  resolution 
4 

TEM  in  particular)  and  FIM  are  extremely  useful  and  the  only  techniques  capable 

of  direct  imaging  of  grain  boundaries. 

In  spite  of  this  fact,  FIM  has  not  found  widespread  use  in  the  study  of 

grain  boundaries.  One  of  the  main  reasons  for  this  is  that  it  is  extremely 

rare  to  find  a  grain-  boundary  in  the  field  of  a  FI  imaging  view  which  encom- 

-10  2 

passes  only  a  small  area,  not  more  than  10  cm  .  All  previous  FIM  studies  of 

grain  boundaries  utilize  the  accidentally-found  grain  boundary?  The  sui/.j-esc  ions 
6  7 

made  by  Wolf  and  by  Mueller  have  never  been  followed  seriously.  Recently, 
we  have  conducted  a  feasibility  test  on  Wolf's  treatment,  that  is,  applying 
cola  work  to  a  wire  prior  to  etching  it  into  a  tip.  Our  finding  was  unsatis¬ 
factory.  This  treatment  is  only  sometimes  effective  in  producing  a  grain 
boundary  upon  annealing.  In  chis  paper  we  report  the  first  successful  in-sicu 
grain  bouudary  formation  in  a  FIM  using  laser  irradiation.  The  system  uscu 

5 

is  a  conventional  field  ion  microscope  which  is  discussed  in  detail  elsewhere. 

0  2 

A  Nd-YAC  laser  of  A  *  10600  A  (1  mm  beam  size,  100  mJ/10  ns  pulsed  laser) 

was  used.  A  laser. beam  was  introduced  to  the  chamber  through  a  5"  0D  pyrex 
glass  view-port  attached  to  the  side  wall  of  the  chamber  and  irradiated  a 
FL  tip.  A  set  of  lenses  mounted  on  a  micrometer  and  neutral  filters  were 
used  to  control  the  beam  position  and  beam  intensity.  In  the  present  ex  pen- 

O 

aent  the  second  harmonics  of  5300  A  green  light  was  used  for  safety  un¬ 
easy  focusing.  The  laser  power  was  varied  in  the  range  of  0  to  0.5  .aJ, 'pulse. 

The  experimental  procedure  is  as  follows.  A  FI  tip  is 


-3.\  .1  c-o-jea-cycie  aeliuat  liqueiier  with  che  base  aresoare  ;> :  '  I'orr 

in  Liic  ^cosence  of  an  imaging  gas  010  *Torr)  che  cap  voltage  Ls  applies  anc 
ourcao--  inyocs  arc  t'ieLd  evaporaced  uncii  a  surface  becomes  a  smooch  hemi¬ 
spherical  shape.  Then,  Che  cip  volcage  is  lowered  co  produce  che  best  image. 
Laser  pulses  are  now  applied  Co  Che  cip.  Using  a  reiacivelv  smail  power  (  0.1 
mJ)  che  posicion  oil  che  laser  beam  is  broughc  inco  che  cap  of  che  cip.  when 
che  beam  posicion  is  adjusced  Co  be  rig'nc  ac  che  cap  of  che  cip,  one  observes 

orderly  evaporacion  of  che  surface  acorns,  known  as  laser-enhanced  fieid  evapo- 
9 

racion.  Then,  che  laser  power  is  increased  gradually  co  che  desired  value 
while  che  cip  volcage  is  decreased  co  maincain  che  surface  evaporacion  ac  a 
noenmai  race  (  approximacely  a  few  layers  per  sec) .  Evaporacion  by  che  laser 
in  che  presence  of  che  eleccric  fieid  appeared  co  be  weli-concrolied .  Laser 
irradinc ion  appears  Co  make  a  cip  blunc  much  fas  cor  Chan  Joes  Che  oruinary 
field  evaporacion.  Thus,  che  cip  volcage  was  increased  gradually  co  keep  che 
.•  i receive  fioiu  conscauc.  The  women c  ac  which  a  grain  boundary  forms  can  hoc 
usually  be  predicceu  excepc  for  a  few  cases  where  minuce  changes  are  firsc 
oosorvud  and  che  formacion  of  a  grain  boundary  follows  a  momenc  racer?  There¬ 
fore,  che  laser  irradiation  was  concinued  uncii  gross  changes  were  observed  in 
a  FI  image  while  gradually  increasing  che  cip  volcage.  The  whole  sequence  was 
viueo-monicoreu .  Still  phocos  of  che  FI  images  were  also  taken,  ■.'hen  a  grain 
jouiuiary  formed,  che  laser  irradiation  was  immediately  stopped.  The  cip 
volcage  was  increased  co  remove  surface  irregularicies  uncii  a  smooch;  ve.l- 
aefined  image  was  obcained.  When  damage  appeared  co  be  very  extensive,  a  cip 
was  annealed  in-situ  by  Joule-heacing.  This  in-sicu  annealing  is  very  effocci 
co  rescore  a  well  ordered  surface,  although  a  cip  radius  inevitably  increases . 

Fig.  1  shows  a  typical  example  of  grain  boundary  formation  by  t.-.is  .cetr.-d 
A  gooe  FI  image  of  a  tungsten  tip  with  the  [110]  axis  was  oocainec  ac  5.25 xV 
and  -5.<  -vFig.  1(a)) .  This  cip  was  exposed  to  che  laser  (lOlic  n:  c..u 


0.4mJ/ pulse ) .  The  surface  layers  evaporated  rapidly  and  the  tip  voltage  was 
increased  intermittently  to  maintain  a  constant  evaporation  rate.  A  grain 
boundary  was  formed  after  10  sec  of  laser  irridation  when  the  tip  voltage  was 
raised  to  6.80  kV.  The  surface  showed  some  irregularities  at  the  termination  of 
laser  irradiation.  The  tip  voltage  was  increased  to  8.69  kV  for  field 
evaporation  and  a  FI  image  (Fig.  1(b))  was  taken  at  the  best  image  voltage 
(7.877kV)  in  which  one  can  observe  a  sharp  grain  boundary  extending  from  12  to  7 
o'clock.  The  right  side  of  the  grain  boundary  has  essentially  the  same 
crystallographic  orientation  as  the  original  material  although  the  radius  is 
larger  at  570  X  than  the  original  320  X.  Fig.  1(c)  is  a  stereographic 

projection  of  the  surface  in  Fig,  1  (b).  It  is  evident  from  this  map  that  the 

boundary  is  a  twin  boundary  with  respect  to  the  [211]  axis,  which  is  also 
described  as  *  3  with  a  rotation  of  71°  around  the  [110]  axis.  Further 

evaporation  of  the  surface  layers  did  not  change  the  geometrical  structure  of 

this  surface,  suggesting  that  the  grain  boundary  plane  is  essentially  parallel 
to  the  [110]  axis.  Fig.  2  shows  another  example  of  in-situ  grain  boundary 
formaton  by  laser  irradiation.  Laser  irradation  (1  to  10  Hz  and  0.3  to  0.5 
mj/pulse)  was  administered  for  approximately  40  min  to  a  well-defined  clean  W 
tip  imaged  initially  at  3.73  kV  (Fig.  2(a)),  when  a  grain  boundary  was  formed  at 
the  upper  left  corner.  After  terminating  laser  irradiation,  the  surface  was 
field  evaporated  to  show  a  clean  surface.  Fig.  2(b).  A  grain  boundary  runs  from 
12  o'clock  to  8  o'clock.  An  additional  13  layers  of  field  evaporation  resulted 
in  the  micrograph,  Fig.  2(c),  imaged  at  4.602  kV.  Fig.  2(d)  was  obtained  by 
field  evaporation  of  60  more  atomic  layers.  The  grain  boundary  b-d  appears  to 
move  toward  the  center  of  the  tip,  the  (110)  plane.  This  is  due  to  the  fact 
that  the  boundary  plane  is  not  parallel  but  inclined  to  the  tip  axis.  A  similar 
mapping  of  this  surface  indicated  that  this  grain  boundary  is  likely  to  be  = 

17  with  a  rotation  of  87°  around  the  [110]  axis. 


v  .•  re  ab  i.c  co  creice  a  grain  boundary  in  id  ouc  of  tips  cries  s-  car . 

!•  !•  :*cae  r.:  exhibited  minor  defeccs,  such  as  screw  disiocacions ,  vacancy  eiusiers 

aim  :i  I  :  p  a. mbs  buc  no  grain  boundary  Co  Chu  end  of  Che  experiment.  The  rest 

of  che  cips  (six)  were  damaged  so  extensively  by  laser  irradiation  chac  image 

could  noc  be  obcained  chereafcer.  Our  success  race  of  over  53  ;'i  is  surprisingly 

good  and  ic  is  fair  co  say  without  reservation  chac  a  grain  boundary  can  be 

creaced  within  a  view  of  a  FI  image  in  a  well-controlled  fashion. 

In  order  co  understand  Che  mechanism  of  che  grain  boundary  formation  in 

a  FI  tip,  we  evaluaced  che  surface  ceraperacure  rise  during  laser  irradiation. 

The  me c hod  used  here  is  based  on  che  experimental  face  chac  che  evaporacion 

field  ac  a  fixed  evaporacion  race  decreases  as  che  surface  temperature  increases 

ana  is  a  unique  function  of  ceraperacure^  The  evaporacion  field  was  measured 

wnlle  vn riiis;  che  laser  power  in  che  range  0  co  0.5  mj/ pulse  aim  was  couverccu 

co  che  surface  temperature.  The  resulc  is  shown  in  Fig.  3.  The  surface  Cemuera- 

.  nv  increased  roughly'  400  degrees  during  laser  irradiation  ic  Che  maximum 

sewer  in  cue  present  experiment.  The  surface  ceraperacure  rise  was  estimated 

12 

based  on  che  thermal  conduction  model  chac  che  surface  is  radiated  by  a  heat 


.se  c0 


.:or  che  tirsc  r  sec: 

-»  *r 

-Kt—  3  fn  0<c<t 
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•  ,i.iv«s  oaLainca  e'L'  =  *CO  C  dor  f,  =»  J.i  aij/ puise  anu  IT  -  Lied  d  dor  -  = 

1  .ij/ pulse  in  che  case  or  a  cungscen  tip,  in  good  agreement  vita  cne  measured 

surface  cemperacure  increase.  This  rules  out:  che  possibility  of  liquid  ?nase 

recrysculiisacion  in  che  formation  of  a  grain  boundary  by  this  mechouTJ  The 
formation  of  a  grain  boundary  in  che  presenc  work,  is,  therefore,  seemingly  oy 

solid  phase  recrys callizacion  due  to  che  presence  of  extremely  high  stress 

caused  by  the  high  electric  field  and  assisted  by  a  laser  heat  puise.  In 
conclusion,  we  have  succeeded  foe  che  fiese  time  in  creating  and  observing  a 
grain  boundary  wichin  a  view  of  a  FI  image  in-sicu  using  a  laser  puise.  This 
is  truly  a  breakthrough  in  chevrlM  study  of  grain  boundaries  and  segregation 
at  grain  boundaries. 

le  thank  S.Takeuchi,  Y.Ishida,  S.Makamura  &  A. Sakai  for  valuable  cccrsenc; 
of  us  ( iiWl’ )  acknowledges  the  support  of  the  Office  of  Nava  l  he  search  unde 
Con trace  ho.  N0C014-31-K-0025 ,  Mod.  P00002. 
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:  .ure  A  micrograph  OL  clean  tungsten  ;)riUf  to  USgf  a:,  ...  _ t-xon 

ac  V  =  5 . 35  kV. 
ci? 

o 

■’3)  •  A  grain  boundary  1  =  3  wich-  a  rocaion  of  7i  around  the  -110] 
axis  was  creaced  bv  Laser  irradiation.  The  microgtapn  was 
taken  at  =  7.377  kV  upon  field  evaporation  at  3.695  kV. 

to;  .  Stereographic  map  of  micrograph  (b) . 

■  'igure  3  (a  /  .  A  micrograph  of  clean  tungsten  taken  at  V  .  =  3.73  kV.  Laser- 

C  1  p 

irradiacion  produced  a  grain  boundary  1 7  v/ich  a  rocacion  of 

9 

37  around  Che  [100]  axis. 

(e.i  to  -A)  .  Furcher  field  evaporation  of  the  surface  layers  resulted  in  the 
apparent  movement  of  the  grain  boundary  town r a  _.i>:  oeutut  of 
the  cip. 

‘igure  3.  The  surface  temperature  rise  (AT)  as  a  fun c: 

power . 
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